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F 
abrication of nanostructures 
using self-organisation meth- 
ods or artificial techniques 
and evaluation of their novel prop- 
erties are interdisciplinary esearch 
areas ranging from solid-state 
physics to electronic engineering 
for the development of next-gener- 
ation devices. 
One application is the direct 
detect ion of  very weak sub-mil- 
l imetre waves, which is a non-triv- 
ial challenge for experimental-  
ists due to the limited sensitivi- 
ties of available detectors,  The 
best reported values of Noise 
Equivalent Power (NEP) of con- 
ventional detectors have been of 
the order of  10 18 ~rI-Iz 1/2, i.e. an 
incident f lux of 104 photons/s  is 
needed for detect ion with a sig- 
nal-to-noise ratio of  unity in 1 s in- 
tegration time. 
Increasing demand for more 
sensitive and faster sub-millimetre- 
wave detectors has led to improve- 
ments in detectors, but sensitivity 
on a single-photon-detection level 
has not yet been achieved. 
However, S Komiyama et al  
(University of  Tokyo, Japan) 
demonstrated single-photon detec- 
tion in the sub-millimetre-wave 
range (~. = 0.17 ~ 0.20 mm) using 
lateral quantum dots (QDs) fabri- 
cated on a high-mobility GaAs/- 
AlGaAs single heterostructure (see 
Figure 1). When a sub-millimetre 
photon is absorbed by the QD sin- 
gle-electron transistor, it switches 
the conductance through the QD 
on or off. In their detection 
scheme, an incident f lux of 10 -1 
photons/s on an effective detector 
area of (0.1 mm) 2 is detected with 
a 1 ms time resolution. The NEP 
was about 10 -22 WHz 1/2, a factor of 
104 more than the best conven- 
tional detector. 
Quantum dots have attracted 
much attention due to potential 
applications such as lasers with 
highly monochromatised light and 
low threshold current density, as 
well as enhanced electron mobility 
devices. 
Many groups have reported 
fabrication of  InGaAs QDs on 
GaAs by self-organised growth 
(e.g. Stranski-Krastanov "S-K" 
mode),  caused by the lattice mis- 
match between the substrate and 
the overlayer. Although very 
strong luminescence peaks were 
observed from the InGaAs S-K 
dots, the peak widths were very 
broad. Mso, the threshold current 
densities of  the QD lasers were 
higher than predicted, perhaps 
due to the wide size distribution 
of the QDs. 
For a lattice-matched system 
(such as InSb/CdTe, GaAs/ZnSe 
and GaAs/AIGaAs) a promising 
method for fabricating uniform- 
Figure 1: (a) SEM and (b) schematic view 
of the quantum dot. The dark regions indi- 
cate metallic "inner-core" and "outer-ring" 
formed by the lowest Landau levels. 
(Courtesy S Komiyama University of Tokyo) 
size QDs is droplet epitaxy, based 
on Group-V e lement incorpor- 
ation into Group-III e lement 
droplets deposited on the III-V 
(or II-VI) substrate. Since the size 
of the Group III droplets is uni- 
form, formation of uniform QDs is 
expected.  
So far, droplet epitaxy has been 
applied to fabrication of InGaAs 
QDs in a lattice-mismatched sys- 
tem. However, preliminary results 
indicate that the S-termination 
process (useful for preventing two- 
dimensional growth during crys- 
taUisation in both the original and 
modified droplet epitaxy) caused 
the degradation of the optical 
properties. 
(a) InGa and Ga droplets 
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Figure 2: Schematic of the SPEED method 
for fabricating InGaAs quantum dots: 
(a) InGa droplets & highly dense Ga droplets; 
(b) after the crysta//isation by the As flux; 
(c) after annealing. 
(Courtesy of T Mano, University of Tokyo) 
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Figure 3: High-resolution SEM images of 
the samples showing the surface morpholo- 
gies (a) before and (b) after the supply of 
50 mono/ayers of gallium, and (c) before 
and (d) after annealing. 
(Courtesy of T Mano, University of Tokyo) 
T Mano et al  (NRIM,Japan) pro- 
posed a new modified roplet epi- 
taxy method with additional highly 
dense Ga droplets for the fabrica- 
tion of uniform InGaAs QDs 
termed separated-phase enhanced 
epitaxy with droplets (SPEED).The 
QDs' properties were investigated 
using high-resolution scanning 
electron microscope (HR-SEM), 
plan-view and cross-sectional trans- 
mission electron microscope 
(TEM), photoluminescence (PL) 
and magneto-photoluminescence 
measurements. 
Uniform InGaAs QDs were suc- 
cessfuily fabricated (Figures 2-4). 
Due to the surface diffusion length 
difference between In and Ga, 
highly dense Ga droplets were 
formed around InGa alloy droplets 
which, during the crystallisation 
process, effectively prevented 2D 
growth of InGaAs. Moreover, phase 
separation effect was enhanced 
during the annealing process. As a 
result, InGaAs QDs smaller than 
the droplets were formed in the 
upper part of the sample with a 
flat surface. These QDs showed 
narrow (21.6 meV) PL spectra at 
946 nm. From the magneto-PL mea- 
surements, the QDs were estimat- 
ed to be 10 nm and 3.7 nm in 
lateral and vertical directions, re- 
spectively. These results suggest 
that SPEED is very useful for fabri- 
caring uniform and high-quality 
InGaAs QDs. 
As a semiconductor with a 
wide bandgap (3.23 eV), high re- 
fraction index (2.7), high thermal 
conductivity (-5.0 W/cm), high 
saturated electron drift velocity 
(-2.7x107 cm/s), high breakdown 
voltage electric field strength (-3 
MV/cm), and high fracture tough- 
ness (3.1 MPa.m2), SiC is a materi- 
al for high-temperature, high- 
voltage, high-frequency and high- 
power applications. The large 
bonding energy between Si 
and C makes SiC resistant to 
chemical attack and radiation, 
making it suitable for multi-func- 
tional purposes (e.g. in harsh envi- 
ronments). 
Recently SiC has been used as 
both a hydrogen and an oxygen 
sensor operating at higher temper- 
atures than conventional sensors 
such as Si or SnO 2. SiC has also 
been used as a hydrocarbon sensor 
operating at up to IO00°C. Process 
gas monitoring, aeronautics, re- 
mote optical sensors, aerospace 
and automotive applications are 
therefore potential applications of 
SiC sensors at elevated tempera- 
tures. D Ila et al  (Centre for 
Irradiation of Materials, Alabama 
University, USA) discussed the fab- 
rication of: 
(1) electronic sensors, and 
(2) optical devices 
(the latter being a new application). 
The materials contain 3D 
nanocrystals with a 3D atomic- 
arrangement on a nanometre 
scale. They are now fascinating 
materials scientists because of 
the non-equilibrium crystalline 
structures and resultant physical 
properties. 
For example, nanocrystals such 
as Si and Ge embedded in amor- 
phous or other crystalline matrix 
show different structures from 
those in bulk states, and are 
thought o be responsible for the 
light emission due to anomalous 
change in electron states. 
Similarly, small structures on 
surfaces uch as superlattices and 
nano-islands on Si surface are now 
targets for the development of op- 
toelectronic devices. The charac- 
terisation of 3D nanocrystals has 
been carried out using TEM and 
scanning tunnelling microscopy 
(STM) for those both embedded in
Figure 4: Bright-field plan-view TEM image of uncapped sample, (Courtesy of T Mano, 
University of Tokyo, Japan) 
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Figure 5: Schematic of the characterisation of 3D nano-crystals embedded into the matrix 
and on the surface using TEM, XPS and STM. (Courtesy of K Furuya, NRIM, Japan) 
the matrix and located on the sur- 
face. The resolution of STM is far 
beyond O. 1 nm in the vertical and 
lateral directions. 
However, since the STM images 
reflect the distribution of electron 
states density of atomic structures 
on the top surface, little informa- 
tion can be obtained on the struc- 
ture and electron states inside 3D 
nanocrystals, which may govern 
the novel properties. TEM images 
LoaO lOCK 
Figure 6: Schematic drawing of in-situ characterisation system with UHV-FE-TEM, XPS, 
UHV-DC and UHV-STM. (Courtesy of K Furuya, NRIM, Japan) 
consist of scattered and transmit- 
ted electron beams from 3D 
nanocrystals, o information from 
both the surface and bulk crystals 
can be obtained. 
The main difficulty with TEM is 
that the information obtained is 
overlapped through a thickness di- 
rection.Therefore, a weak image of 
3D nanocrystals i  usually masked 
by the predominant a omic images 
of the matrix, and clear analysis of 
the structure and related proper- 
ties is prevented. 
However, K Furuya et al (NRIM, 
Japan) are developing new experi- 
mental systems and method to 
analyse, characterise and control 
3D nano-crystals both embedded 
in the matrix and on the surface. 
Figure 5 shows the ideal configura- 
tion of TEM and STM, including 
SEM and x-ray photon emission 
spectroscopy (XPS). Three micro- 
scope systems were used to syn- 
thesise new materials whose size 
and position of nanostructures are 
well controlled: a dual ion beam in- 
terfaced 1000 keV high-voltage 
TEM (ION/HVTEM), 200 keV ultra- 
high-vacuum field emission TEM 
(UHV-FE-TEM), focused ion beam 
interfaced TEM (FIB/TEM), and 
UHV-STM (see Figure 6). 
A special focus is characterisa- 
tion with high-resolution TEM 
(HRTEM), electron energy loss 
spectroscopy (EELS) and energy 
dispersive x-ray spectroscopy (EDS). 
Using the free-focused and 
strong electron beams of the UHV- 
FE-TEM, position- and size-con- 
trolled silicon nanocrystals were 
successfully microfabricated in 
SiO 2 thin films (see Figure 7), cre- 
ating array structures of Si dots for 
application to quantum devices. 
ION/I-IVTEM was used to charac- 
terise metastable inert gas precipi- 
tates embedded into AI. Using 
FIB/TEM, materials such as Si, 
GaAs and SiC were successfully 
microfabricated in 200 nm resolu- 
tion with 25 keV Ga ions, and sub- 
sequent microstructural changes 
were evaluated with conventional 
TEM. 
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Figure 7: TEM image of an array of silicon 
nano-crystal dots in the amorphous SiO 2 
thin film fabricated by spot-scanning of the 
electron beam of 2 mm diameter. 
(Courtesy of K Furuya, NRIM, Japan) 
Because of the limited size and 
significant structural changes, fab- 
rication with a conventional FIB 
system is limited to a sub-micron 
scale. Fabrication and analysis of di- 
mensionally controlled materials is 
still underway to create position- 
and size-controlled nanostructures. 
For this purpose, the UHV-FE-TEM 
is now interfacing to a UHV-STM 
and the ION/HVTEM is being used 
to create and control metal-metal 
nanostructures. 
* For further information, see the 
conference proceedings, published 
by NRIM (edited by KYoshihara). 
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